Abstract-In this paper, we present the design, simulation and experimental validation of a control architecture for a flying hand, i.e., a system made of an unmanned aerial vehicle, a robotic manipulator and a gripper, which is grasping an object fixed on a vertical wall. The goal of this work is to show that the overall control allows the flying hand to approach the wall, to dock on the object by means of the gripper, take the object and fly away. The control strategy has been implemented and validated in the simulated model and in experiments on the complete flying hand system.
I. INTRODUCTION
Recently the research interest in aerial service robots is increasing. One of the main goals is to use unmanned aerial vehicles (UAVs) in real application scenarios to support human beings in all those activities that require the ability to interact actively and safely with environments not constrained on the ground but airborne [1] , [2] .
Several works attest the interest in such challenging control scenarios. For instance, grasping and transportation using a fleet of quadrotors is considered in [3] , and extended in [4] to assembly an infrastructure. A control law for autonomous landing of an aerobatic airplane on a vertical surface is proposed in [5] and [6] . In [7] , a quadrotor helicopter is employed to clean a surface while hovering, where an additional propeller is employed to counteract contact forces while maintaining the stability of the vehicle. In [8] , the physical interaction between a ducted-fan aerial vehicle and the environment is analyzed. The approach considers to switch the control law in order to take into account for possible constraints deriving from the presence of contacts. Aerial grasping using an autonomous helicopter endowed with a gripper is considered in [9] and [10] . In this case, the analysis focuses on the stability of the vehicle during the interaction with a compliant environment. A prototype of miniature aerial manipulator has been proposed in [11] . In our previous work, we developed a miniature dexterous manipulation system for aerial inspection [12] , which has been exploited together with a quadrotor UAV for interaction control [13] and force regulation [14] .
In this paper, we present the design, simulation and experimental validation of a control architecture for a flying hand, which consists of a quadrotor UAV, a robotic manipulator and a gripper. The overall system can be controlled to have three different operative states: free flight, dock on the object attached to a vertical surface, fly away with the grasped object. The stability of the control architecture is achieved by considering standard passivity-based design techniques, where the stability of a desired equilibrium point is obtained by shaping the energy function of the system to have a desired minimum (energy-shaping), and then by dissipating energy to asymptotically converge to it (damping-injection). The paper is organized as follows. In Section II, the overall flying hand is presented together with its dynamic model. In Section III, we propose the control strategy, which is validated in both simulations and experimental tests in Section IV. Finally, conclusions are drawn in Section V.
II. SYSTEM DYNAMICS
In order to design the control law and analyze the stability of the flying hand while grasping an object, the dynamic model of the system is required. First, we discuss the structure of the complete system and, secondly, each part is modelled individually.
A. System Overview
The complete system is composed of three main parts, as shown in Figure 1 . The first is the underactuated quadrotor UAV. The second part is the robotic manipulator, whose design is based on a delta parallel kinematic structure, as presented in [12] . It enables Cartesian movement of its endeffector in the workspace and it is attached to one side of the quadrotor UAV. Finally, the third part is the underactuated gripper, whose design is inspired by the work presented in [15] . The mechanical structure of the gripper consists of three fingers, with two phalanges each, and is actuated by one single motor. The construction of the gripper is such that form closure is guaranteed. The robotic manipulator and the gripper are shown in Figure 2 . Fig. 2 . The robotic manipulator, the gripper, the object and their reference frames.
B. Notation
Before proceeding with the description of the system dynamics, all used symbols are briefly explained for clarity. With reference to Figures 1 and 2 , the kinematic notation is:
, and F o represent the inertial frame, the body frame of the UAV fixed at its centre of gravity (c.g.), the base frame of the robotic manipulator, the base frame of the palm of the gripper (coincident to the base frame of the end effector of the manipulator), the frame at the contact points on the fingers of the gripper, and the object frame;
the position and rotation matrix of a generic frame F α with respect to a generic frame F β .
The dynamic notation is:
• g the gravitational acceleration;
• m uav , J uav are the UAV's mass and inertia matrix;
• m man and m obj are the mass of the robotic manipulator (including the palm on the gripper) and of the object, respectively;
• f b p ∈ R the total thrust on the vehicle generated by its propellers, f m man ∈ R the force the robotic manipulator and the UAV exert on each other at the robotic manipulator base;
• M gy ∈ R the forces and moments due to the absolute motion of the robotic manipulator in F e ;
the forces and moments due to the absolute motion of the object in F o ;
• f e h , M e h ∈ R 3 the force and moment the gripper and the robotic manipulator's end-effector exert on each other;
the force and the moment that make up the total wrench, w obj , the object exerts on the gripper's fingers and palm in the object frame, F o .
The dynamic model of the complete system is seen as a cascade of subsystems, interconnected at certain points by means of localized interaction forces and moments. It is assumed that the system interacts with the environment by means of the manipulator's end effector and the phalanges only, i.e. only in F e and F fi . Furthermore, the connections between the UAV and the robotic manipulator's base in F m as well as between the robotic manipulator's end-effector and the gripper palm in F e are assumed to be rigid. The UAV is unconstrained in F b and can thus move freely with respect to the inertial frame, F i .
C. The Quadrotor Dynamics
The quadrotor is an underactuated system, since it has only four control inputs f i , i.e. its propellers, and six degrees of freedom (DoFs). Due to the mechanical design of the quadrotor, a net torque can be applied in any direction by varying the relative thrust of the propellers. The mapping between the generated force of each propeller and the total thrust and torque exerted on the UAV's c.g. is given by
where d is the distance between the UAV's c.g. and the centre of the propeller, and c is the ratio between the propeller reaction torque and generated thrust. Using this, the full dynamics of the UAV can be described by 
D. The Robotic Manipulator Dynamics
The dynamics of the robotic manipulator can be compactly described by considering the internal and external contributions. The former includes inertial, Coriolis, centrifugal and gravitational forces/moments as well as the dynamic influence of the actuators. The latter upholds forces and moments exchanged at the end effector with the gripper and due to interaction with the environment. From the equilibrium of forces and moments, the dynamics of the robotic manipulator in 
E. The Gripper Dynamics
Similarly to the robotic manipulator, the dynamics of the gripper can be compactly described by considering the internal and external contributions. Therefore, the dynamics of the gripper is described by
F. The Environment
The system can be in three different states: free-flight (no object), dock (on the object) and aerial grasp (with object). Therefore, both f o obj and M o obj in Eq. 3 can have three different interpretations, depending on which state the system is in. These three states and their influence on the system are explained hereafter.
1) Free-flight state (no object): In this state, the UAV is in free flight and no object is grasped. This results in no external force and moment, i.e.,
2) Dock state (on the object): In this state, the UAV is docked on the object and, more precisely, it is docked by means of the gripper that is grasping the object attached to a vertical surface. The reaction forces and moments are partly due to the contact between the object and the palm of the gripper and partly due to the interaction between the object and the phalanges of the gripper. These forces and moments are described by
where G is the grasp matrix and
is the net vector of the contact forces on the phalanges and the palm. Each element of f c consists of a normal component, modelled with the Hunt-Crossley model [16] , and two tangential friction components.
3) Aerial grasp state (with object): When the object is detached from the vertical wall, it becomes part of the complete system. The dynamic contribution of the object is
In this section we present the control architecture, which consists of a cascade of three impedance controllers. Each controller is designed separately for each one of the three subsystems, as described in Section II.
A. The Quadrotor
Assuming a high attitude control authority like in [13] , which compensates the momenta imposed on the system, the UAV's system dynamics in Eq. 1 can be simplified as
T is the only controllable input. This is chosen to be
with u uav ∈ R 3 as a new input. Substituting Eq. 6 into Eq. 5, it results
In this way, the system resembles a mass driven by an external force and an input that has still to be designed. Now let p * i b be the desired position for the aerial vehicle. By choosing u uav to be equal to
B. The Robotic Manipulator
In its essence the control of the robotic manipulator is similar to the control of the UAV. The only difference is the way the inputs map to the robotic manipulator's end effector position, which is described by the Jacobian of the delta structure. Note that the high attitude control authority on the UAV compensates for the momenta M where η man contains the gravitational, Coriolis and centrifugal components of the robotic manipulator,v e is the end effector acceleration and in which, for simplicity, we assumed that the manipulator mass is concentrated on the end-effector. The controllable input part f m man is chosen to be
with u man ∈ R 3 as a new input. By substituting Eq. 8 in Eq. 7, the following is obtained
in which F m,ext (t) = −R m e f e h (t). Again the dynamics of this subsystem resembles a mass driven by an external force. Let a desired virtual point be represented by p * m e , if u man is defined as
the system is impedance controlled. The gains K man and D man can be chosen according to the desired system behavior; u F F man is a feed-forward term that compensates for the gravitational contributions of the gripper and the object, when detached from the wall.
C. The Gripper
In order to have the overall system consisting of impedance controlled subsystems, we design the control for the gripper in a similar manner as the previous subsystems. Before that, it should be noted that the only interesting state from a control point of view is the dock state, since in both other states the gripper is either idle in its open state or idle in a closed state. Note that the high attitude control authority on the UAV compensates for the momenta M e h that the gripper and the robotic manipulator exchange.
From Eq. 3 in the dock state, it results in
where η h contains the gravitational, Coriolis and centrifugal components of the gripper, f phal are the inertial forces of the phalanges. Note that the mass of the palm is not considered here since it is included in the end-effector. The controllable input part f e h is chosen to be f
where u h ∈ R is a new input. By substituting Eq. 12 in Eq. 11, it follows that
The gripper is impedance controlled if the input u h is chosen as
f is the desired position of the gripper's fingers, K h and D h are properly chosen gains, and u F F h is a feed-forward term that compensates for the gravitational contributions of the object, when detached from the wall.
Note that as the gripper is an underactuated system, there is only one actuator to actuate three fingers with two phalanges each. This implies that the pseudoinverse of the grasp matrix G should be computed to calculate p e f andṗ e f .
D. Stability Analysis
The three subsystems, as described in the previous subsections, have the same generalized closed loop system, i.e.,
where j denotes the frame that corresponds to the subsystem. Therefore a single stability analysis will suffice. In fact the described system turns out to be output strictly passive [17] by choosing input d, outputṗ j and storage function
is the kinetic energy and P (p j ) is the potential energy, which has a minimum at the desired position p * j . As shown in [17] [Lemma 6.7] the above property of output strict passivity can be linked to zero-input asymptotic stability via zero-state observability and can be shown to hold for the generalized dynamics of the subsystems in Eq. 13. This means that all the subsystems asymptotically reach the desired set-points, denoted p * j in Eq. 13, provided their input forces are zero. Due to the cascaded nature of the subsystems and the fact that all of the subsystems are asymptotically stable, the overall system is also asymptotically stable [18] . even if stability is guaranteed. Note that the tracking error converges to zero when the setpoint is constant for a sufficient amount of time. This is in accordance with the stability analysis in subsection III-D.
2) Robotic manipulator path tracking: In order to asses the correct functioning of the robotic manipulator, the tracking capabilities with respect to the manipulator base frame, F m , is shown in Figure 4 .
Note that object tracking is disabled for t < 6 s as there is no need to track any object yet. Enabling object tracking would only result in unnecessary disturbances on the system. At t = 10 s, the object tracking is disabled again as this is no longer useful when the object is detached from its surroundings.
From Figure 4 it can be seen that the tracking capabilities of the delta structure prove to be sufficient to retain a stable system. Note that larger fluctuations occur when the system is in contact with the environment, but the tracking and the overall stability are still guaranteed. The spikes at the time of impact are due to the displacement of the UAV on impact, as seen in the middle plot in Figure 3 . The sudden change in x setpoint , which is the height with respect to F m , can be caused by the contact friction and by the fact that the quadrotor is not yet stabilized.
B. Experimental setup
In order to verify the proposed control strategy, a test setup has been build together with a software architecture as see presen 
IV. RESULTS
In this section, we provide simulations and experimental tests that validate the proposed control strategy.
A. Simulations
To simulate the whole system, the model is implemented in the simulation package 20-sim (Controllab Products B.V., The Netherlands). By simulating the model, it can be shown that stable flight and stable interaction can be achieved.
1) Quadrotor path tracking: Figure 3 shows the simulation results for the quadrotor UAV while tracking a certain path. The three operating states are shown sequentially.
At the beginning, the UAV is in free-flight state (no object). Upon contact with the object at t = 6.7 s, the system is in dock state (on the object). When the object is fully grasped and the UAV flies away from the wall at t = 11 s, the object is detached from the wall and becomes a part of the complete system. The system is finally in its aerial grasp state.
The quadrotor is capable of tracking the path in all the states. Some tracking errors are present, due to impedance control, and some larger fluctuations can be seen when the system is in contact with the environment, even if stability is guaranteed. The tracking error converges to zero when the setpoint is constant for a sufficient amount of time. This is in accordance with the stability analysis in Section III-D.
2) Robotic manipulator path tracking: To asses the correct functioning of the robotic manipulator, the tracking as seen in Figure 5 . All the different modules will briefly be presented hereafter:
• Aerial vehicle: an AscTec Pelican quadrotor, which is capable of handling a payload of 500 g [11] .
• Robotic manipulator: a 3 DoF cartesian delta robotic manipulator as proposed in [12] . The control of this system runs on an Arduino ATMega2560 and it receives setpoints by the ground station by means of a WiFi data link.
• Gripper: a 3D printed gripper system consisting of three fingers with two phalanges each. The system is actuated by one motor attached to the aerial vehicle and connected via bowden cables to the gripper in order to minimise the UAV's inertia. The motor itself is controlled by the microcontroller on the Arduino.
• External positioning system: the positions of the subsystems in the inertial frame, F i , are estimated by an external optical tracking system OptiTrack Flex 13.
[19], which allows tracking by placing passive markers on the subsystems.
• Ground station: the high-level controller of the system, i.e. it generates trajectories and estimates positions based on the input of the OptiTrack, and runs on Ubuntu Linux 10.10. The communication between the different software modules is performed using the Robot Operating System (ROS) framework [20] . Setpoints generated for both the robotic manipulator and the capability with respect to the manipulator base frame, F m , is shown in Figure 4 . Note that object tracking is disabled for t < 6 s as there is no need to track any object yet, and enabling object tracking would only result in unnecessary disturbances on the system. At t = 10 s, the object tracking is disabled again as this is no longer useful when the object is detached from the wall.
The tracking capabilities of the robotic manipulator prove to be sufficient to retain a stable system. Note that larger fluctuations occur when the system is in contact with the environment, but the tracking and the overall stability are still guaranteed. The spikes at the time of impact are due to the displacement of the UAV on impact, as shown in the middle plot in Figure 3 . The sudden change in x setpoint , which is the height with respect to F m , can be caused by the contact friction and by the fact that the quadrotor is not yet stabilized.
B. Experimental setup
To verify the proposed control strategy, a test setup has been build together with a software architecture, as sketched in Figure 5 . The different modules are:
• Aerial vehicle: a Pelican quadrotor (Ascending Technologies, Germany), with payload capability of 500 g.
• Robotic manipulator: a 3 DoFs Cartesian delta robotic manipulator [12] . The control of this system runs on an Arduino ATMega2560 and it receives setpoints by the ground station by means of a WiFi data link. • Gripper: a 3D printed gripper system consisting of three fingers with two phalanges each. The system is actuated by one motor attached to the aerial vehicle and connected via bowden cables to the gripper in order to minimize the UAV's inertia. The motor itself is controlled by the microcontroller on the Arduino.
• External positioning system: the positions of the subsystems in the inertial frame, F i , are estimated by an external optical tracking system OptiTrack Flex 13 (NaturalPoint, Inc., USA).
• Ground station: the high-level controller of the system runs on Ubuntu Linux 10.10. It generates trajectories and estimates positions, based on the input of the OptiTrack. The communication between the different software modules is performed using the Robot Operating System ROS. Setpoints generated for both the robotic manipulator and the gripper are relayed to the integrated microcontroller via WiFi (802.11n standard).
C. Experiment validation
In the experiments, the robotic manipulator approaches the object in the inertial frame. To achieve that, the desired pose of the robotic manipulator is derived by using the measured UAV's position and the desired point on the vertical wall. Once the UAV is in front of the object, the gripper grasps the object, detaches it from the wall and flies away. Figure 6 shows that the UAV is capable of tracking the given setpoints in all three states. The UAV starts in freeflight and, at approximately 30 s, the object is grasped. Few seconds later the object is removed from the vertical wall leaving the UAV again in free-flight mode.
During the experiment the robotic manipulator tracks its setpoint. This can clearly be seen in Figure 7 since the zand x-position are almost in their outmost position (i.e. 120 mm for z and 50 mm for x). At t = 30 s, the inertial position tracking is visible as the peaks in both the y-and z-setpoints. After grasping, the robotic manipulator keeps on tracking the given setpoint which causes it to move outward again, but with a grasped object. Good tracking performance and stability are also shown in the accompanying video.
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V. CONCLUSIONS
In this paper, we presented the design of a control architecture for a flying hand. The overall system consists of a quadrotor UAV, a robotic manipulator and a gripper, which is grasping an object fixed on a vertical wall. The control strategy is based on passivity-based techniques and has been shown to guarantee the asymptotic stability of the system in both simulations and in experimental tests. Free-flight Docked Detached
x setpoint x measured y setpoint y measured z setpoint z measured Fig. 7 . Path tracking of the end effector of the delta structure with respect to the base frame of the delta structure, F b . x denotes the height of the manipulator, y denotes the sideways movement and z denotes the forward motion.
